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We discuss an issue on the activation of p-GaN material under different annealing conditions and study the mechanism for the p-GaN activation. Under annealing in nitrogen, it is found that hydrogen cannot be completely removed from p-GaN. The experiments also indicate that rudimental hydrogen can exist stably in a certain state where hydrogen does not passivate the Mg acceptor in the sample annealing under bias. However, making additional annealing in nitrogen, we find that the steady state hydrogen can be decomposed and the Mg-H complex could generate again. Hydrogen remaining in the layer seems to play a major role in this reversible phenomenon.
PACS: 71. 55. Eq, 71. 55. Ak
Significant development of III-nitride based wide bandgap materials has led to the commercialization of high-brightness III-nitride based blue light emitting diodes (LEDs) over the last decade.
[1] Since IIInitrides have direct bandgaps covering all the visible spectral region, III-nitride based LEDs are expected to be used for general illumination, which have a number of advantages over the conventional light source, such as low electricity consumption, long lifetime, and high luminescence efficiency. [2−4] Although III-nitride based LEDs with superior performance have been obtained, some issues need to be investigated for further improvement. For example, it is necessary to further understand the factors which may affect p-type conductivity. [5, 6] In this Letter, we mainly study the influence of thermal annealing under different conditions on Mg-H complexes in p-GaN. The results suggest that Mg-H complexes significantly affect the differential resistance of GaN-based LED mainly from the p-GaN, as the conductivity of the n-GaN is much less sensitive to the thermal annealing. As a standard procedure, the activation for p-GaN is generally carried out in nitrogen ambient. Influence of thermal annealing under different ambient on electrical properties of p-GaN is investigated, showing significant difference in electrical conductivity. This difference can be attributed to the dissociation issue in Mg-H complexes.
The samples studied were grown on -plane sapphire substrates by metal-organic chemical vapour deposition (MOCVD). Trimethylgallium, trimethylindium, ammonia, and silane were used as the precursors for Ga, In, N, and Si, respectively. A standard GaN nucleation layer with a 25 nm thickness was grown at 560 ∘ C on sapphire prior to thermal cleaning under H 2 ambient at a high temperature, followed by a 2.5-µm-thick GaN:Si ( = 2 × 10 18 cm −3 ) grown at 1100 ∘ C The InGaN/GaN multiple quantum well (MQW) as emitting region was then grown at 750 ∘ C consisting of a five-period InGaN(3 nm):well/GaN(7 nm):barrier. A thin AlGaN as an electron blocking layer and then a 0.5-µm-thick Mg-doped p-GaN ( = 1 × 10 17 cm −3 ) were finally grown at 1100 ∘ C [7−10] A standard Ti(30 nm)/Al(70 nm) bilayer and Ni(5 nm)/Au(5 nm) were deposited for n-type contact and p-type contact, respectively. Current-voltage characteristics of the GaN-based LED were measured to examine the electrical properties. In particular, the differential resistances at a forward voltage of 3.5 V were measured to examine the activation of the Mg acceptors.
A set of the annealing experiments are designed in this study. In each case, the samples are of identical Ni(5 nm)/Au(5 nm) bilayer for p-type contact, which is deposited by electron-beam evaporation method. We take 5 min for all the annealing experiments.
The samples used are denoted as the as-grown sample, sample A1, sample A2, sample A3, sample B1, sample B2, and sample B3, respectively. Although sample A1, sample A2, and sample A3 are all annealed in air ambient, sample A2 is also annealed in air ambient at dc 20 mA. Sample A3 is actually sampled but with one more annealing process in air ambient. The identical thermal processes have been performed on the sample with denotation of B series (i.e., samples B1, B2, and B3), but in nitrogen ambient, corresponding to sample A1, A2, and A3 for comparison. 
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Figure 1(a) shows the differential resistance as a function of annealing temperature for the samples annealed in nitrogen or air ambient. Although both the curves show similar behaviour, there is a major difference, i.e., the differential resistance of sample A1 is about one order of magnitude lower compared to sample B1, when the annealing process is carried out at the temperatures between 500 ∘ C and 600 ∘ C. The energy dispersive x-ray (EDX) spectra given in Fig. 1(b) shows the different concentrations of O and Mg in the samples under different ambients. In detail, the as-grown samples A1 and B1 exhibit the increasing order in terms of content of Mg and O in the surface. These results may suggest that the conductivity of p-GaN could be associated with Mg-H complexes.
It has been reported that the activation of Hpassivated Mg acceptor has been observed, possibly through dissociation of the Mg-H complex, [11] leading to some improvement in the electrical conductivity in the p-GaN. Figure 2 also shows the similar results. Figure 3 compares the influence of annealing ambient on such effect due to the electrical activation annealing ambient, indicating that such effect is almost negligible for the sample annealed in air ambient, while an obvious difference can be found in the sample annealed in nitrogen ambient. − measurements have been used to estimate doping level of the p-type in all the samples annealed in nitrogen ambient (i.e., samples B1, B2, and B3), as shown in Fig. 4 , indicating that samples B1, B2, and B3 are in an increasing order in terms of the doping level for the p-type layer. These results suggest that injected electrons could possibly lead to an increase of p-doping level, meaning that minority carriers (electron) possibly have influence on the dissociation of the Mg-H complexes. After additional annealing in nitrogen, the p-doping density increasingly reduces. This is because the states of electron-hydrogen decompose, and decomposition of hydrogen can passivate the Mg acceptor again. The Mg-H complex can be regenerated. Therefore, the p-type doping density reduces, which indicates that hydrogen play an important role on the differential resistance of GaN-based LED. This also shows that H in p-GaN is the factor which leads to high turn-on voltage of the GaN-based LEDs. Only when hydrogen in p-GaN completely removes away the layer, we can fundamentally increase the differential resistance of GaN-based LED. The results shown in Figs. 4 and 5 maintain a good agreement. Figure 5 demonstrates that the sample B1 has the lowest Mg content in the surface of p-GaN, which indicates that the parts of Mg-H complex decompose while Mg content increases.
In summary, we have found that Mg content further increases in sample B2 which indicates that more Mg-H complex decomposes and Mg content increases. Meanwhile, we find that Mg content decreases in sample B3, indicating that Mg-H complex is generated. The hydrogen can exist stably in a certain state where hydrogen does not passivate the Mg acceptor in the sample B2, and the stable state of electron-hydrogen can be decomposed in the addition annealing in nitrogen. It seems that the Mg activation mechanism on annealing in nitrogen under bias can be described as follows. First, the Mg-H complex is dissociated thermally. Subsequently, the H + may capture an injected electron, and turn into H . However, the stable state of electron-hydrogen can decompose in additional annealing, decomposition of hydrogen can passivate the Mg acceptor again and the hydrogen remaining in pGaN plays a major role in this reversible phenomenon.
